Implementation of real-time, continuous, and three-dimensional imaging (4D intervention guidance) would be a quantum leap for minimally-invasive medicine. It allows guidance during interventions by assessing the spatial position of instruments continuously in respect to their surroundings. Recent research showed that it is feasible using X-ray and novel tomographic reconstruction approaches. Radiation dose stays within reasonable limits. This article provides abstractions and background information together with an outlook on these prospects. There are explanations of how situational awareness during interventions is generated today and how they will be in future. The differences between fluoroscopically and CT-guided interventions are eluted to within the context of these developments. The exploration of 'uncharted terrain' between these current methods is worth pursuing. Necessary image quality of 4D intervention guidance varies relevantly from that of standard computed tomography. Means to analyze the risk-benefit ratio of 4D intervention guidance are provided and arguments for gantry-based setups vs C-arm based setups are given. Due to the lack of moving organs, neuro-interventions might be the first field in which 4D intervention guidance might become available, however, registration and fusion algorithms might make it applicable in complex whole-body interventions such as aortic valve replacement soon thereafter.
Introduction

Theoretical Consideration: Ideal Intervention Guidance Method and the Four Sources of Situational Awareness During Interventions
Ideally, a method for intervention guidance would provide a continuous and spatial depiction of the patient's anatomy and pathology in addition to displaying the position of the intervention instrument. All three of these benefits create the necessary situational awareness . More so, an ideal method would perform this in real-time, meaning that there is no significant delay between changing the intervention instrument's position and the display of the current spatial situation. Obviously, this should be performed in a manner that does no harm to the patient, is inexpensive, and does not hinder access to the patient. 3D information generated should be highly accessible and displayed meaningfully with minimal user-interactions. Evidently, the closer that one gets to this ideal situation of intervention guidance, the higher will be the gains generated by it. Interventions will be more accurate, complications will be reduced, and the risk to benefit ratio will be optimized. Training requirements for interventionalists would be minimized, and more and more complex procedures could be invented and developed. This would go hand in hand with the development of novel intervention instruments and implants.
A B Figure 1 . Situational awareness during intervention guidance is created by four (non-human) factors (A) that are prone to specific errors and misconceptions (B) . Within this article, we will focus upon novel combinations of tomographic current imaging , prior imaging and external knowledge which may ultimately make 4D intervention guidance possible .
Efforts to improve current intervention guidance are large. These efforts consists of integrating additional sources of information in order to increase the situational awareness.
The combination of navigation guidance with interventional imaging [7, 8] is one way that this is achieved. Intraprocedural navigation has so far found wide application within cardiologic interventions [9] . In other fields, the benefits do not seem to have a worthy trade-off for the additional preparations and expenditures, since navigation is not widely employed.
Co-registration and fusion of 3D overlays, generated by prior imaging, to the projective imaging [10] [11] serve as another means to increase situational awareness. Both methods provide additional information, but still rely largely upon standard projective imaging to update the surrounding anatomy and the relationship of intervention instruments. Therefore, they are prone to misregistration and misalignment errors [12] . To minimize these errors, 3D images can be acquired repetitively throughout the intervention. Furthermore, prior knowledge about instruments and anatomy were introduced into guidance by numerous approaches in order to compensate for shortcomings in imaging methods [13] . However, these methods might be prone to over-regulation and might provide a false margin of safety for the interventionalist to work within. To sum up, besides human factors such as experience, knowledge, sensory/haptic feedback, etc., the situational awareness of the interventionalist is generated by four different themes ( Fig.  1 a) :
• Prior imaging (e.g. pre-interventional CT or MRI, intraprocedural cone-beam CT)
• external knowledge (e.g. anatomy, atlases, models)
• external guidance (e.g. navigation system) • current imaging (e.g. fluoroscopy, recent tomographic imaging)
Co-integration comes with certain aforementioned limitations ( Fig. 1 b) . The herein envisioned 4D intervention guidance is no exception. Rather, it represents a novel integration of prior imaging, current imaging, and a special form of external knowledge. As with all novel methods, this one comes with new opportunities, but also new caveats, as will be elucidated on in this paper.
Current Status Quo of X-ray Intervention Guidance and Ongoing Developments
To understand the potential of 4D intervention guidance, one should take a closer look at the ways in which X-ray interventions are guided today. Currently, interventions are done in two different kinds of environments: the CT suite and Cath Lab. For a comparison, see (Tab. 1). Both environments provide different kinds of guidance information that determine how procedures can be conducted. These are explained in the following points:
-Within the CT suite , interventions are performed using a step-and-shoot approach. This entails, the instruments are manipulated blindly, solely with haptic feedback, in between subsequent acquisitions of CT data sets. CT data sets provide the positions of the instruments and corrections can be planned. Continuous CT-imaging, known as "CT-fluoroscopy" was described [14] , but it was never considered as a routine application method due to its high levels of radiation [15] . Interventions in the CT suite are usually done with a stiff needle, which is advanced into a specific area, after which catheters, biopsy instruments, or ablation instruments are introduced. -Imaging within the angiography suite allows continuous and real-time imaging. Catheter based, intravascular interventions are the most prevalent kind of procedures, and a vast variety of interventions exist. Additionally, extravascular interventions are conducted. Needles are used to drain abscesses, as well as clogged gall ducts. Since the third dimension is missing in projective imaging, the needle is introduced using additional heuristics such as anatomic landmarks. By constantly injecting contrast media, the needle is then advanced or retracted along a path until contrast media is detected within the targeted structure (e.g. in gall ducts during PTCD). 4D intervention guidance would combine the best features of both worlds, 3D imaging that would be continuous at the same time.
Increasing Availability of Cone-Beam CT Within the Cath Lab Currently, both previously described guidance methods are merging with respect to the setup. In the past years, all major vendors introduced C-arm systems that can rotate around the patient, acquiring projective images from a multitude of angles as they do so. From these projections, a standard cone-beam CT is reconstructed leading to a volumetric dataset, just as in a multi-slice CT scanner. The image quality is different from that of standard multislice-CT, mostly owing to the different detector technology. The spatial resolution is usually higher, while the noise level is also Bartling S, Kachelrieß M, 2016, X-ray tomographic intervention guidance: Towards real-time 4D imaging, Preprint increased and the soft-tissue contrast is lower than in multislice-CT. The consistency of the CT-numbers throughout the dataset is less homogeneous, and artifact behavior is different. In terms of radiation distribution and radiation protection, some significant differences exist when compared to standard CT, mostly resulting from the altered environment in which CT scanning is being used, and by the lack of a 360° rotation [16, 17] . However, the image quality is completely sufficient not only for high contrast structures such as bone / background or contrast media filled vessels / background, but also for clinically relevant low contrast situations, such as blood / brain, abscesses / tissue and dilated bile ducts/liver tissue differentiation [18] . Cone-beam CT scanning within the Cath Lab was initially introduced as a replacement for diagnostic CT scans. Before its introduction, when a complication was suspected or the results of the intervention had to be evaluated, the patient had to be transported to the diagnostic CT suite, which caused significant logistic effort. If the intervention had to be continued, the patient then had to be moved back to the intervention room. With a cone-beam CT available within the Cath Lab, intracranial bleedings can be diagnosed, a therapy response can be evaluated, and the positions of drainages, coils, and bleedings can be confirmed, all with minimal logistical effort. From this cone-beam CT´s use cases / indications are currently evolving which will be elucidated upon in the following.
Cone-beam-CT Inside the Cath Lab to Actually Guide Interventions
The cointegration of cone-beam-CT with projective fluoroscopy allows for a combination of both aforementioned guidance methods: CT imaging provides a 3D overview, while fluoroscopic imaging provides a continuous imaging in between CT-scan to e.g. guide a needle (an example workflow is provided (Fig. 2) ). The trajectory is being planned with a 3D data set from a cone-beam-CT scan which was performed using the C-arm system (top), while the advancement of the needle is being monitored with fluoroscopy along a projection of the proposed pathway (middle). The C-arm can be alternated in between two purposefully preselected projections that can provide a good position to maintain control of the needle. If in doubt, a novel CT scan can be acquired to verify instrument positions (bottom).
For catheter interventions, cone-beam-CT is currently used with increasing frequency to guide the intervention. For example, CT-scans with contrast media that depict the vasculature with high contrast, are being overlaid upon the actual fluoroscopic guidance images [10, 11] . Besides providing a`road map`, the 3D volume rendering of the vessel tree can be used to find projection positions that will maximize the guidance information by reducing the overlap of structures, which are currently of interest [19] . The C-arm is then automatically brought into the proposed position. Another use case of cone-beam-CT is to plan the position of implants in complex procedures [20, 21] . Furthermore, it is used to verify the position of intervention instruments and implants. A remarkable example is the coiling of brain artery aneurysms, especially in stent protected aneurysm coiling. Here, it is very important to know the position of coils with respect to stent struts [22] [23] [24] . Many more cases for future use can be envisaged. One that seems to be close to clinical applicability is the planning of the reentry direction after crossing a stenosis subintimal. The advantages of CT for actual guidance is easy to explain. CT provides an overlapping free depiction of the position and relationship of implants, and intervention instruments, as well the patient's anatomy and, moreover, many pathologies. Despite the obvious advantages, cone-beam CT is still relatively seldomly used during today's catheter interventions. The most likely reasons for this include:
Customization to a guidance with CT
Given the fact that catheter intervention guidance worked for decades without CT imaging, it is certainly a process of adaptation which is currently taking place. Thus, it may be assumed that CT imaging will be used more frequently in the future after a learning/adaptation curve.
Radiation dose concerns
CT scanning is generally perceived as a high-dose imaging modality. However, as always the case in therapeutic decision-making, the benefits must be weighed against potential harm. In the future it might become increasingly clear that the potential harm of flat-panel CT imaging during interventions could be completely outweighed by its benefits.
Figure 3: Realistic situation within the Cath Lab during an intervention:
The rotational space for the C-arm is covered with wires, lines, etc., increasing the preparatory threshold to acquire a CT scan and therefore limiting the usability of CT scans for guidance.
The considerable logistic efforts required to actually perform a CT scan
A relevant effort is necessary to bring the imaging chain in position to acquire a tomographic data set and to clear the scanning trajectory. Usually, a tangle of lines, cables, infusions, and tubing blocks the trajectory pathway for the C-arm. Sterile fabrics as well as plastic covers limit the space and are in constant danger of becoming contaminated (Fig.  3 ). To allow a tomographic scan, many things must be rearranged carefully. Usually, this takes a considerable amount of time. A good management of space and anticipatory organization can reduce the effort required. In any case, interventions have to stop for a certain period of time in order to prepare and acquire the CT scan, during which no guidance information can be provided. This is especially perturbing in critical parts of the intervention -sometimes in those situations where a 3D image would be most useful.
Current Development: Towards 4D Intervention Guidance
To sum up, the status quo of X-ray imaging in intervention guidance consists of a combination of fluoroscopy, biplane fluoroscopy, and computed tomography with an increasing tendency towards the application of tomographic imaging. Tomographic imaging complements the information provided by fluoroscopy at certain time points during the intervention.
A Theoretical Consideration … An interesting observation may be made if these guidance methods are seen as endpoints of a continuous spectrum of possible guidance methods. Fluoroscopy (incl. bi-plane fluoroscopy) could be considered to be one end and can be characterized by relatively low dosage. With this low dosage comes a relatively low amount of information content, almost entirely lacking spatial information in the third dimension. Computed tomography, on the other end, comes with a high information content, but needs time to be acquired. Contained in a semiquantitative/qualitative diagram which plots the information content (including spatial information) and radiation dose over the 'timeliness' of a method -as done in Figure 4 -results in a spectrum (blue) which ends are taken by the current methods (blue ends). The whole area in between those both extremes is 'unchartered terrain' (red). By exploring this uncharted terrain, one might discover novel and useful methods with interesting trade-offs between level of (spatial) information, sufficient timeliness, and dosage rates. The technologies discussed in the next paragraphs make this exploration possible by providing continuity between both extremes. Currently two methods are being used in X-ray intervention guidance, constituting the endpoints of a spectrum. The red area is largely 'uncharted terrain' -with potentially useful, tomographic methods with new and interesting trade-offs between radiation dose and information content, which can result in innovative guidance methods [1] . The herein discussed methods allow the exploration of this terrain.
Special Constraints of Tomographic Imaging in Intervention Guidance
The requirements for tomographic imaging in intervention guidance are different from tomographic imaging in diagnostic imaging. These constraints can be interpreted as a kind of external knowledge as introduced in the introduction:
1. Same or very similar objects are being repeatedly scanned and the changes over time are small 2. Mostly high contrast structures are of interest (wires, catheters, contrast media filled vessels) 3. Absolute or relative consistency of the CT values is not necessary 4. Certain types of artefacts can be tolerated without losing the ability to provide sufficient guidance information 5. Typical prior knowledge (anatomy, structure of the instruments, etc.) is available which is specific to intervention guidance All of these characteristics can be adapted to tomographic scanning and reconstruction in the special situation of intervention guidance. Resulting in the decrease of the necessary radiation dose, which may finally result in a continuous, tolerable 4D imaging, as will be elucidated upon in the following section.
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Novel Reconstruction Algorithms for 4D Intervention Guidance
Standard tomographic reconstruction algorithms treat every volumetric dataset as an independent volume. Therefore, they cannot make use of the first of the abovementioned constraints, i.e. that changes over time are usually small. [25] . Namely, these are iterative reconstruction algorithms [26, 27] , algorithms that employ prior knowledge/models [28, 29] , and compressed sensing algorithms [30] [31] [32] [33] , to name a few examples. Many have become commonplace now in diagnostic imaging and thereby represent the novel state of the art. However, in interventional CT, only standard reconstruction algorithms have been employed as of yet. By finding the right constraints and by identifying useful prior knowledge to be incorporated into the reconstruction algorithm, the amount of necessary projection could be reduced. This has been done, to an extent, so that real-time 4D imaging might become possible with a tolerable radiation dose essentially allowing 4D intervention guidance which has been shown recently (Fig. 5) [1-3] . In these algorithms, a prior imaging was combined with a low dose current imaging and the differences were reconstructed using an adapted compressed sensing scheme [1] . Two variations of this concept have been described in the literature [2, 3] . Many more are thinkable which may result in interesting trade-offs (Fig 6. ).
Figure 6: Data acquisition and reconstruction schemes in standard and 4D intervention guidance.
Projection positions are symbolized by dots. Blue lines and brackets symbolize the data that is used for time frame reconstruction. Kuntz et al. combined data from a high-dose Prior scan (which is essentially same as a standard cone-beam CT scan) with continuously acquired, low-dose update (current) tomographic data. Flach et al. used low-dose data that was acquired anyway for a 'running Prior' to save dose and to compensate for bulk patient movements. It is expected that in the future reconstruction algorithms will make use of larger chunks of low-dose data to reconstruct most meaningful intervention guidance time frames.
Discussion and outlook
The Right Demand for Image Quality in 4D Intervention Guidance When thinking about the appropriate image quality of tomographic images for 4D intervention guidance, one must take the purpose of the imaging into account. Image quality is a function of the radiation dose. Sufficient image quality for intervention guidance is much different from that of a diagnostic CT. Requisites for diagnostic images are defined in terms of objective features (noise level, signal to noise level, consistency of Hounsfield units, etc.) and subjective features (texture, sharpness, etc.), but these are entirely (not yet) defined for tomographic intervention guidance. Tomographic reconstruction useful for intervention guidance needs to display the intervention instruments and the surrounding anatomy with the level of detail necessary for the actual situation within the intervention. A sufficient localization of the intervention instruments, with respect to the surrounding anatomy and other instruments might be very well deduced from tomographic images, although the quality of which is far below of that of diagnostic images. Noise, artefacts, and many more parameters might be much worse than in standard diagnostic CT images (Fig. 7) . Furthermore, the image quality requirements may vary throughout the intervention, and may also depend upon the experience of the interventionalist.
A B C
Figure 7: Tomographic reconstruction for intervention guidance. Image quality like the one in (A) is entirely sufficient for intervention guidance; this stands in stark contrast to conventionally scanned cone-beam CT data, which is depicted in (B) and standard, diagnostic multislice CT data (C). Despite streak artefacts, the intervention instruments (e.g. guidewires (white dot in the lower third (A,B)) are clearly depicted (A and B are examples from rabbits, C is from a human scan).
Motion Compensation and Registration
When different time points are combined into image reconstruction, as was done in the mentioned 4D intervention guidance schemes [1, 2] , movements within the datasets need to be considered [3] .
While the proposed algorithms are inherently designed to incorporate the motion of interventional instruments into the 3D datasets, compensation for larger movements by the patient themself is not inherently fixed. This holds true for occasional motions of (a conscious) patient as well as physiological motions (breathing, heartbeat) which are constantly present during the intervention. Bulk movements in 4D intervention guidance can be addressed using registration methods [3, 34] . The head with all its rigid structures is an especially well suited field for this kind of motion compensation. In contrast, the thorax or the abdomen are much more complex; here, not only physiologically moving organs are present, but also a lot of soft-tissue non-rigid organs which move in a very complex manner are present. Novel motion compensation algorithms must be integrated into the reconstruction, mostly non-rigid registration and fusion algorithms [35] to overcome these challenges.
Assessing the Risk/Benefit Ratio of 4D Intervention Guidance
As with all novel tools, the ratio between positive and negative effects must be carefully evaluated. This also holds true for 4D intervention guidance. The advantages are clear. 4D intervention guidance may make interventions safer, less invasive, and may reduce the cost of an intervention. Furthermore, interventions may become quicker, while more complex interventions may also become possible. Ultimately, it might be deemed wishful thinking to want to analyze the risk-benefit ratios by comparing large, prospective clinical studies with considerable follow-up evaluations. However, until such studies are conducted, one must employ common sense, reasoning, and surrogate markers in order to evaluate the risk benefit ratio of 4D intervention guidance. Possible standards for comparison are standard fluoroscopy or step-and-shoot CT intervention guidance, optimally outfitted with assistance systems such as navigation systems [8] . Dose evaluations should carefully select the appropriate relationship: A method that applies a higher dose on a per time basis might still be preferable because the overall intervention length is greatly reduced due to better guidance. Furthermore, the complication rate and the benefit of totally novel interventions might well justify an increase in radiation dose. Another problem of finding useful standard comparison are different dose measurement methods that are in use with fluoroscopy and tomography [36] . To compare effective dose on a per procedure base would be most preferable. However, in order to calculate the effective dosage, one must know the local dose distribution within the patient and organs. Considerable difficulties are tied to this in reality. One example is when substitute measurements are recorded, which are different in fluoroscopic and tomographic imaging, aggravating the direct comparison of both intervention guidance methods: The dose area product is the method of choice in fluoroscopy, while CTDI is the standard in tomographic imaging. Both measurements cannot easily be converted without in-depth knowledge of the precise imaging geometry and radiated anatomy. An alternative, feasible method to generate a measurement which is good for a direct comparison would be to record the dose area product in tomographic scanning and then sum it up with the fluoroscopy. Another way would be to scan a phantom using both methods and use it as an internal standard for relative assessments [2] .
A New challenge for Machine-Human Interface: Realtime Display of 4D Information for Intervention Guidance
To generate a continuous, real-time data stream that depicts intervention instruments and anatomy in a spatial manner is only one side of the coin. This data stream must be displayed in a manner from which the interventionalist can derive useful information. Standard post-processing techniques are available to display the 3D information, including multiplanar reformation, volume-rendering, segmentation, and so on. An interesting feature is the calculation of virtual X-ray sum images that mimic projection fluoroscopy images. If generated in an acceptable time resolution with sufficient image quality, these images can provide impressions comparable to standard fluoroscopy. The novel challenges to display the current data stream in intervention guidance are doing so with minimal user interaction and in real-time. If one pictures the time that is needed to manually generate a meaningful 3D display from a 3D dataset in a purely diagnostic setting, including finding a good volume rendering transfer function, the right selection of the volume of interest, or segmentation, one can imagine that doing so in real-time and without any user interaction is a significant challenge. Since this necessity has never before occurred, some significant research is needed. To address this, standard tools such as volume rendering, multiplanar reformations, segmentations, and so on can be combined with automatic region of interest detection (e.g. most prominent changes in the volume representing movement of instruments) and high level knowledge or model based approaches. User interaction is possible, but it must be reduced to a minimal level in order to leave the interventionalist free to actually perform the intervention. It would be acceptable to manually define a region of interest once (e.g. in while coiling an aneurysm) and to select the best view angles while algorithms do the rest.
Discussion: Gantry Based Cath Lab Interventions ?
4D intervention guidance requires the acquisition of repeatedly acquired, tomographic datasets. Hence, in the intervention suite it needs at least some sort of evolving system. It is not necessarily thought that this needs to be via full 360°rotations or large arc movements. A small-arc, forward/backward 'wobbling' system might be sufficient to sample the necessary data. Open systems such as C-arm based systems are prone to interruption if hardware enters its movement trajectory. The rotation speed is limited below that technically possible so as to protect personnel and patients. This is currently not a problem because tomographic datasets are, at most, acquired only a couple of times during an intervention, and personnel can take necessary precautions (they might leave the intervention suite anyway due to radiation protection). However, with respect to future developments in 4D intervention guidance, the rotation speed becomes a limiting factor to the time resolution. A fast evolution is necessary to scan enough data for a given time resolution. Time resolution should be considerably subsecond and hence full evolution times must be subsecond. Multi-threaded (e.g. biplane) systems can reduce the evolution speed, but still, if a high temporal resolution is needed, there will be a quickly revolving or`wobbling`system in the intervention room. Taking all this into account C-arm setups are therefore limited with respect to the time resolution, making an argument for a gantry-based approach.
Another argument for gantry-based setups is the following: During more complex interventions, the intervention room is usually full of cables, oxygen pipes, lines, and instruments, not to mention the input consoles, monitors, and other measurement systems. They are covered with aseptic covers that must not have contact with septic surfaces (Fig. 4) . To acquire a CT scan, the C-arm must be brought into a certain position which is usually much different from the position which would have previously been used to guide the intervention. Many instruments, lines, and pipes block the pathway of the C-arm. Much time must be spent in rearranging the setup and clearing the path. All of this increases the time and effort needed to acquire a CT scan. Therefore, this increases the threshold for employing the CT as a useful tool during interventions.
A gantry-based setup overcomes these limitations. The rotation pathway can never be blocked because the housing will protect it. Obviously, instruments, lines, and cables do not have to be rearranged in order to acquire a CT scan. A CT scan could be acquired almost immediately at a push of a button, making the 3D information much more accessible. A rotation speed of up to almost 3 rotations per second is technically possible and it would provide a temporal resolution of up to 6 novel and independent datasets per second (Roughly a 180° rotation is need to reconstruct a novel, tomographic data set). Wide-bore intraprocedural CT scanners have recently been introduced into the market [37] . However, they are currently unable to rotate continuously and/or transfer data through a live link for real-time reconstruction. C-arm based set ups are considered to be the current state-of-the-art for angiographic interventions. However, gantry-based approaches might become justified as the value of (continuous) 3D information becomes more and more immanent, even in the realm of cath lab interventions where the difference in patient access might require relevant workflow changes.
Concerns
with respect to gantry-based systems are:
1. Limited access to the patient (Fig.  7) the interventionalist cannot work next to the gantry. 2. Reduced degrees of freedom in finding appropriate fluoroscopy projection positions -a gantry would allow to tilt the imaging chain in one plane (the rotating plane), tilting in the other planes would be very limited if possible at all. 3. Lack of the ability to perform certain interventions -fluoroscopically guided PTCD or drainages would be difficult, because they would require the interventionalist to stand in the imaging plane.
While these concerns are legitimate, they can be refuted because of their strengths in the following counter points:
Ad 1: Novel, gantry based cone-beam CT setups designed for intraoperative use, demonstrate that today's gantries can be built with a very slim design and a rather larger bore. Thereby they are limiting access to the patient considerably less compared to older, diagnostic CT gantries. Most interventions do not need access to the patient on the direct imaging plane. E.g. most vascular interventions are conducted from the groin and the relevant volume of interest is at a location that is far from the access site. In situations in which imaging next to the introduction sheath would be necessary, e.g. in case of complications, a sufficiently large bore will grant enough access. Furthermore, alternative accesses to the vasculature such as through the brachial vessels can be used.
Ad 2: A gantry based setup will certainly limit the ability to freely approach projection angulations in contrast to C-arm setups. However, even in a gantry based setup, one degree of angulation remains accessible without limitations; within the gantry plane, every projection position can be reached and selected. Angulating off of the gantry plane is certainly limited, but still feasible, e.g. the gantry as a whole could be tilted. However, this will certainly be less practicable than angulating using a freely moving C-arm setup. One question remaining is whether it will be relevant to freely select projection positions in the future? The ability to acquire CT scans easily and quickly might very well overcome certain limitations potentially occurring from gantry based setups. Furthermore, it offers the ability to reconstruct 3D datasets in swift succession or the ability to reconstruct virtual projections from every angle with 4D datasets.
Ad 3: A gantry based setup might issue procedural changes in how interventions may be conducted, but most likely these changes will not result in the loss of the ability to conduct certain procedures. Rather, the way these procedures will be conducted will change; e.g. already at present, percutaneous drainages of the gall system can be carried out under fluoroscopic guidance, as well as CT-guidance, alone. One may easily envision as to how a combination of both techniques, fluoroscopy as well as CT, can fully satisfy all guidance needs, even if the freedom to find appropriate positions for the fluoroscopy is somewhat limited.
Translational Outlook and Clinical Introduction
The increasing use of cone-beam CT for image guidance is very much a reality in daily clinical practice, however, 4D intervention guidance is not. The developmental status is 'proof-of-concept in phantom and animal studies'. Many unaddressed problems exist. However, none of these seem to be indicating that currently unforeseeable discoveries need to be assumed in order to overcome them. Incorporating more and more complex postprocessing algorithms into tomographic reconstruction as well as external knowledge, etc. might well afford greater and greater savings in radiation dose. Other fields in which lots of graphical as well as structural data are being processed and brought into a meaningful context, e.g. computer games, autonomous driving, etc. seem to be much more evolved. Intervention guidance might well benefit from their attainments once the industry can justify knowledge transfer in between these very different markets.
Even if full fledged 4D intervention guidance will not be reached in the short or mid term in clinical practice, algorithms and methods which are being developed in this context might be used even in current setups in order to realize dose reductions in repetitive CT scans that might be taken at different points in time during the intervention. Furthermore, the herein discussed reconstruction algorithms can also be utilized in other, much different scanning hardware setups. Multi-threaded systems with many more than a few imaging chains might provide other interesting characteristics and trade-offs. This holds especially true, if X-ray sources and detectors are at least partially stationary and/or independently rotating [38] .
First Use Case for 4D Intervention Guidance: Neurointerventions
Catheter procedures in the head and neck region seem to be best suited for 4D intervention guidance. Many neurointerventions are highly complex, and the need for the depiction of an accurate 3D relationship of intervention instruments (e.g. stent struts / coils) as well as the underlying anatomy (e.g. aneurysm sacks) is highly appreciated [23] . Furthermore, on the technical side, the head region, with its relative small scan field-of-view as well as the lack of moving organs, seems to be the least demanding area to implement 4D intervention guidance: Its scan field-of-view geometry fits standard flat-panel detectors. A gantry-based setup seems to need the least amount of reorganization in workflows because the imaging space (head) is in the large majority of neuro-interventions far away from the working space (groin). Specialized neuro-interventional C-arm setups are being marketed to the neurointerventional community, so a specialized market already exists. This market segment could be the first for 4D intervention guidance.
In Conclusion
This overview was stipulated by the prospects of truly 4D intervention guidance using X-rays and its huge implications for minimal-invasive medicine. The real accomplishment of this work should be to point the research community in the direction of X-ray based intervention guidance to achieve full 4D intervention guidance. The research community should foster research in this field with an objective to combine novel reconstruction algorithms together with smart post-processing and new data acquisition strategies. It should consider a break from the current mantra of`C-arm equals intervention guidance`, and so, it should consider gantry-based catheter intervention approaches as a full alternative to C-arm setups.
In past years, much effort was spent on other guidance methods which are not being introduced into clinical medicine at all at a relevant scale. One example is MRI guidance that does not play a relevant role in clinical medicine even after decades of research. If only a small percentage of these research efforts were to be put into 4D intervention guidance using X-rays, the chances are that minimal-invasive medicine would have an affordable 4D guidance method available within years from now.
